Heat-killed Pseudomonas aeruginosa inhibit antibody response in C57BL/6 mice. The depression of this response is dependent on the dose of bacteria injected, on the time interval between microorganism injection and antigen administration, and on the nature of the antigen used. Cell transfer experiments provide evidence that suppressor cells are not operative in this model. Furthermore, the results show that P. aeruginosa induces a marked dose-dependent proliferation of spleen cells in vivo, and the in vitro targets of this proliferative effect are B lymphocytes. It is suggested that whole, heat-killed P. aeruginosa in vivo also behave as cell mitogens on B lymphocytes which, when strongly stimulated to proliferate, temporarily lose their capacity to mount a normal antibody response.
There are only a limited number of irregular reports regarding Pseudomonas aeruginosa infections available for the period between 1897 when Barker (1) recognized this microorganism as a pathogen and 1947 when Kerby (15) summarized the world literature describing 91 cases of P. aeruginosa bacteremia. However, during the past three decades, hospitalization, treatment with broad-spectrum antibiotics, increasing use of corticosteroids, and antineoplastic or immunosuppressive drugs accompanied by advanced and extensive surgical and medical procedures have rendered patients more susceptible to serious P. aeruginosa infections, frequently with bacteremia associated with a high mortality rate. P. aeruginosa have become proportionately more important among the gram-negative bacteria as a cause of bacteremia, especially in patients with altered immune reactivity such as in cases of severe burns, multiple trauma, or disseminated malignancies. On the other hand, several reports (11, 24, 28) have shown that P. aeruginosa itself suppresses immune responsiveness in humans and laboratory animals. Moreover, in 1976 Flick and Cluff (9) emphasized that the advent of gentamicin and carbenicillin in the 1960s has not changed the prognosis, and mortality of patients with bacteremia has remained at 70 to 80%. Specific hyperimmune serum (13) and transfused granulocytes (5) have also been used, but a significant benefit of using these treatments has yet to be consistently shown in clinical studies. It seems, therefore, essential to understand the mechanism by which P. aeruginosa affects immune responsive-32 ness, since the immune reactivity of the host appears to be of critical importance in the control of this serious infection.
Floersheim et al. (10) observed a significant reduction in splenic plaque-forming cells (PFC) in mice immunized with sheep erythrocytes (SRBC) 1 day after administration of bacterial fractions of P. aeruginosa and concluded that P. aeruginosa contains a cellular component able to suppress the antibody response. The mechanisms of humoral immunodepression induced by P. aeruginosa have, nevertheless, not yet been clearly defined. In previous studies, we have shown that P. aeruginosa is able to inhibit contact sensitivity to oxazolone in mice (3) and that this suppression seems to be due to the enhancement of the activity of antigen-specific suppressor cells which normally arise during the sensitization process (4). However, the results reported here suggest that P. aeruginosa depress antibody response to T-dependent and Tindependent antigens not so much by activating suppressor cells but rather by its proliferative effects on splenic B lymphocytes.
MATERIALS AND METHODS
Mice. Inbred C57BL/6 mice of both sexes, aged 8 to 12 weeks, were used throughout and assigned to the different experimental groups at random.
Microorganism. 
RESULTS
Immunodepression of the primary immune response to SRBC. The immune response to SRBC was studied in mice immunized with 10' erythrocytes given intravenously by evaluating the direct PFC in the spleen 4 days after immunization.
(i) Effect on the PFC response of various doses of heat-killed P. aeruginosa given 1 day before immunization. The data reported in Table 1 show that the antibody response to SRBC was dependent on the dose of heat-killed organisms injected 24 h before the antigen. In fact, the animals injected with 7 Mg of P. aeruginosa showed a significant (P < 0.025) increase in PFC per spleen, whereas the injection of 70 ,ug of killed bacteria did not affect significantly the number of splenic PFC. However, the animals inoculated with 700,ug of heat-killed organisms exhibited a highly significant depression (P < 0.001) of PFC. Since 700 tug of heat-killed cells depressed both cell-mediated (4) and humoral responses, this dose was used in all subsequent experiments.
(ii) Effect on the PFC response of varying the time interval between P. aeruginosa injection and immunization. Figure 1 summarizes the results of experiments in which the effect of 700 Mig of heat-killed P. aeruginosa on the splenic PFC response to SRBC was investigated by varying the interval between bacteria and antigen inoculation.
As can be seen, animals given P. aeruginosa 1 or 2 days before the antigen showed a highly significant depression of PFC response to SRBC (P < 0.001), whereas when P. aeruginosa injection occurred 3 or 5 days before antigen administration no such depression was observed. Furthermore, when P. aeruginosa injection occurred on the same day as antigen administration, or when injection followed immunization by 1 response to E. coli LPS and Alk-LPS of 700 jg of heat-killed P. aeruginosa given 1 day before the antigen. Experiment 1 (Table 2) shows that the injection ofP. aeruginosa did not induce a depression of PFC response to E. coli LPS. Since it is known that LPS is constituted of a mitogenic and antigenic moiety (21) , this absence of immunodepression could be ascribed to the mitogenic activity of LPS. On the other hand, it is known that moderate alkali hydrolysis of LPS can destroy its mitogenicity without abolishing its immunogenicity and antigenic specificity (26) . We have used Alk-LPS in an attempt to clarify the role of nonspecific mitogenic signals in the failure to obtain immunodepression to LPS in P. aeruginosa-injected mice. Experiment 2 (Table 2) shows, in fact, that the PFC response to Alk-LPS in P. aeruginosa-injected mice was also significantly depressed (P < 0.001).
PFC Effect of P. aeruginsa on weight and DNA synthesis of spleens of normal mice. Both spleen weight and DNA synthesis, evaluated as uptake of '"IUdR, were tested in mice injected 1, 3, and 5 days previously with 7, 70, and 700 itg of heat-killed bacteria (Fig. 2) . As can be seen, the enlargement of the spleen was parallel to the incorporation of 1"IUdR; the main changes in spleen weight and 1"IUdR uptake peaked at day 3 after bacteria inoculation at all tested doses. At this time, the response of injected mice, both in spleen weight and in DNA synthesis, was dependent on the dose of bacteria injected. In fact, when 700 Iug of P. aeruginosa (immunodepressive dose) was injected, both spleen weight and DNA synthesis were significantly higher (P < 0.05, at least) than those of mice injected with 7 Iyg of bacteria (immunopotentiating dose). Conversely, mice injected with 70 ug of killed organisms showed both spleen weight and '"IUdR incorporation at intermediate levels between those brought about by the injection of 7 and 700 ,ug of P. aeruginosa.
Furthermore, since 700 ,ug of heat-killed P. aeruginosa induced the maximal increase in DNA synthesis in the spleen, which reflects cell proliferation in this organ, a direct toxic effect exerted by the injected bacteria should be excluded as responsible for the observed humoral immunodepression. Figure 3A shows the degree of cellular proliferation of unfractionated spleen cells in the presence of various doses of whole heat-killed P. aeruginosa. These results indicated that P.
aeruginosa at the dose of 1 or 10 ,g/well induced a marked uptake of [3H]thymidine. Conversely, lower (0.1 ,ug/well) or higher (100 itg/well) doses of bacteria failed to induce DNA synthesis. Figure 3B shows the proliferative response of spleen cell suspensions separated by glass wool and nylon wool columns to the optimal dose of P. aeruginosa (1 jig/well) and to the optimal dose (determined in pilot experiments) of concanavalin A (0.6 ,ug/well) and E. coli LPS (10 ,ug/well). As can be seen, nylon-adherent B cells were stimulated by whole heat-killed P. aeruginosa, whereas effluent T cells were not. Furthermore, this activity of P. aeruginosa on the B lymphocytes was greater than that brought about by E. coli LPS.
DISCUSSION
The results of these experiments show that the depression of antibody response induced by P. aeruginosa in C57BL/6 mice is dependent on the dose of bacteria injected, the time interval between microorganism injection and antigen administration, and the nature of the antigen used.
The impairment of immune response induced by certain microorganisms or microbial products is well known (22) , but only recently have data about suppressor cells in some of these systems been reported (7, 17, 20) . In previous studies we have shown that P. aeruginosa depresses contact sensitivity to oxazolone in mice by enhanc- ing the activity of the regulatory cells which normally arise during the sensitization process (4). However, a mechanism involving suppressor cells cannot account for the depression of antibody response observed in mice injected with heat-killed P. aeruginosa, because the experiments of spleen cell transfer from P. aeruginosainjected donors into normal SRBC-immunized recipients have failed to demonstrate the presence of suppressor cells in the spleen either of P. aeruginosa-injected SRBC-immunized donors or P. aeruginosa-injected nonimmunized animals.
A disordered handling of antigen by macrophages as a cause of depressed humoral response in mice injected with 700 ,ug of heat-killed P. aeruginosa should be excluded, since these animals showed a normal clearance of colloidal carbon, and their antibody response to SRBC was not restored by administration of either 2 x 105 or 2 x 106 syngeneic peritoneal exudate cells together with the antigen (C. Garzelli, V. Colizzi, M. Campa, and G. Falcone, manuscript in preparation).
Since the first reports on the immune adjuvancy of LPS, the importance of the dose, route, and time of LPS administration has been emphasized (12, 16) . More recently, it has been shown that small doses of LPS given at various times before SRBC immunization cause alternating enhancement and suppression of the primary antibody response in the mouse (2) . However, the mechanism by which alternating and time-dependent positive or negative effects are elicited is unknown. Diamantstein et al. (6) Our results also suggest that, in mice injected with the immunodepressive dose of P. aeruginosa, a certain pool of antigen-reactive B cells is still functional. Thus, the failure to obtain immunodepression against LPS, a T-independent antigen constituted of a mitogenic and an antigenic moiety (21) , could be explained by the activation of the still functional antigen-reactive lymphocytes by the mitogenic moiety of LPS, whereas 700 jig of killed bacteria induce a significant depression of PFC response to Alk-LPS, i.e., the same antigen devoid of the mitogenic moiety (26) .
In conclusion, the immunodepressive effect of killed P. aeruginosa both on contact sensitivity to oxazolone (4) and on PFC response might be ascribed to the same mechanism, i.e., the polyclonal B cell activation. This activation could lead to the enhancement of the activity of B suppressor cells in the contact sensitivity model and also to the loss of responsiveness in the PFC system. LITERATURE CITED
